Introduction
Human hepatocellular carcinoma (HCC) 1 is one of the most common tumors in the world today (1) . Studies related to understanding the cellular mechanisms of unrestrained hepatocyte growth may have relevance to the pathogenesis of the disease. Normal hepatocyte proliferation is regulated by several growth factors of which EGF, TGF ␣ , and hepatocyte growth factor (HGF) as type 1 stimulators and insulin and IGF-1 as type 2 stimulators are believed to be the most important ligands in this regard (2) (3) (4) . Such growth factors bind to hepatocyte cell surface receptors with intrinsic tyrosine kinase activity and initiate a series of protein phosphorylation events within cells (1) . Tyrosyl phosphorylation (TP) of downstream molecules transmits the mitogenic signals from the cell surface to the nucleus through several signal transduction pathways.
It is of interest that a cDNA encoding for one of the key molecules involved in the insulin mediated signal transduction cascade, namely human insulin receptor substrate-1 (hIRS-1), has been found to be overexpressed at the protein and RNA level in HCC cell lines and tumor tissues (5, 6) . IRS-1 is phosphorylated on tyrosine residues following cellular stimulation by ligands such as insulin, IGF-1, IL-4, -9, and -13, IFN ␣ , ␤ , ␥ , and , growth hormone, leukemia inhibitory factor, and tumor necrosis factor (7) (8) (9) (10) (11) . Tyrosyl phosphorylated IRS-1 serves as a key "docking" protein and transmits mitogenic or metabolic signals by interacting through specific motifs with downstream SH2-containing molecules (12) . For example, the 897 YVNI motif of hIRS-1 binds to the Grb2 adopter protein (13) , the 1180 YIDL motif to Syp phosphatase (also known as PTP1D, PTP2C, and SH-PTP2) (14) , and 613 
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YMKM motifs are the principal binding sites for the p85 subunit of phosphatidylinositol-3 kinase (PI3K) (15, 16) . While TP sites are recognized throughout the entire IRS-1 protein, the SH2-binding domains are located only in the COOH-terminal region (9) . The NH 2 -terminal sequences, however, contain three important functional domains identified as a pleckstrin homology (PH) region located from 9-117 aa. (17) and two regions homologous to a phosphotyrosine-binding (PTB) domain located from 161-317 amino acid (aa) (18) and from 314-463 aa. (19) .
It is noteworthy that normal hepatic growth has been associated with enhanced TP of IRS-1 and subsequent interaction with SH2-containing molecules such as Grb2 and PI3K during the G1 phase of the hepatocyte cell cycle after partial hepatectomy (20) . There is now evidence to support the hypothesis that IRS-1 may have transforming properties as well (21, 22) . Stable transfection and overexpression of the hIRS-1 gene in NIH 3T3 cells leads to increased TP of the protein, enhanced binding to Grb2 and Syp but not PI3K and persistent activation of the downstream mitogen-activated protein kinase (MAPK) cascade. Such transfected cells developed a phenotype characterized by increased transformed foci formation, induction of anchorage independent cell growth, increased cell proliferation, and formation of large tumors in nude mice (22) . The functional domains of the hIRS-1 protein required for its transforming activity have been shown to reside in both the 897 YVNI and 1180 YIDL motifs (23) . Other studies indirectly support the role of IRS-1 in mediating some of the cellular events associated with malignant transformation since insulin and IGF-1 have been shown to act as dominant cellular mitogens for several different human tumor types including HCC (24) .
In the present investigation, we have defined the functional domains of hIRS-1 essential for insulin and IGF-1 induced TP and necessary for subsequent activation of downstream signal transduction molecules associated with human hepatocyte transformation. Direct evidence for the relevance of these pathways in control of HCC growth is provided, since a dominant negative mutant protein that blocks TP of endogenous hIRS-1 protein and other substrates such as Shc will reverse the malignant phenotype of HCC cells.
Methods
Reagents. A poorly differentiated cell line (FOCUS) derived from a human hepatocellular carcinoma tumor (6) was used to clone the hIRS-1 cDNA. The FOCUS cell line contains one copy of integrated hepatitis B virus (HBV) DNA (25) . The FOCUS and well differentiated HepG2 human hepatoblastoma cell lines were cultured in DMEM; (Mediatech, Washington, DC) supplemented with 10% heat inactivated FBS (Sigma Chemical Co., St. Louis, MO). The moderately differentiated HuH-7 human HCC cell line was cultured in RPMI-1640 medium supplemented (Mediatech) with 3 ϫ 10 Ϫ 8 M Na 2 SeO 3 (serum free) or with 10% FBS (26) . Heat inactivated calf serum (GIBCO BRL, Rockville, MD) containing much lower concentration of insulin/ IGF-1 was also used for morphologic analysis of cell growth (27) . For immunoprecipitation and immunoblot studies, and anti-IRS-1 rabbit polyclonal antibody (Upstate Biotechnology Inc., Lake Placid, NY), antiphosphotyrosine antibody conjugated with horseradish peroxidase (PY20H; Transduction Laboratories, Lexington, KY), anti-Shc rabbit polyclonal antibody (Transduction Laboratories), antiinsulin receptor rabbit polyclonal antibody (provided by Dr. X.F. Zhang, Massachusetts General Hospital), anti-FLAG M2 mouse monoclonal antibody (Eastman Kodak Co., Rochester, NY), anti-Grb2 rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Syp/PTP2C mouse monoclonal antibody (Transduction Laboratories), and anti-p85 PI3K rabbit polyclonal antibody (Upstate Biotechnology Inc.) were used. MAPK activity was measured using myelin basic protein (MBP; Sigma Chemical Co.) as the specific substrate.
Construction of hIRS-1 mutants. The hIRS-1 deletion mutants were sequentially constructed using PCR or restriction enzymes digestion and have a FLAG epitope (DYKDDDDK ϩ stop codon) added to the COOH terminus by PCR. The cDNA of each mutant IRS-1 construct was subcloned between the cytomegalovirus promoter and SV40 poly A regions of the pcDNA3 plasmid (Invitrogen Corp., San Diego, CA). The DNA sequence of each hIRS-1 mutant construct was determined using Sequenase Ver 2.0 (United States Biochemical Inc., Cleveland, OH).
Cell culture and transfection studies. Parental FOCUS HCC cells and clonal stable transfected cell lines (25) were cultured in DME supplemented with 10% heat FBS. HCC cells (1 ϫ 10 6 ) were grown in 3.5-cm dishes and transfected with 2 g of the various hIRS-1 mutant constructs as well as empty pcDNA3 (mock) plasmid using Lipofectamine (Life Technologies, Inc., Gaithersburg, MD) according to manufacturer's instructions. 2 d after transient transfection, cells were serum starved for 12 h to allow cells to accumulate in G1 of the cell cycle followed by 100 nM insulin addition. To obtain stable transfected clones, neomycin-resistant colonies were isolated in the presence of G418 (800 g/ml) in DME with 10% FBS 2 d after a 1:10 split.
Immunoblot and immunoprecipitation analysis. Cell lysates derived from transfected HCC cells were prepared in Triton-lysis buffer (50 mM Tris-HCl, pH 7.5, containing 1% Triton, 2 mM EGTA, 10 mM EDTA, 100 mM NaF, 1 mM Na 4 P 2 O 7 , 2 mM NaVO 4 , 1 mM phenylmethylsulfonyl fluoride, 25 mg/ml aprotinin, 3.5 mg/ml pepstatin A, and 25 mg/ml leupeptin). These HCC cells had been serum starved for 24 h followed by the addition of insulin or IGF-1. Cell lysates containing 100 g of total protein were electrophoresed through SDS-polyacrylamide gels and proteins were transferred onto Immobilon-P membranes (Millipore Corp., Bedford, MA) followed by immunoblot analysis. Immunodectection was performed using specific antibodies and proteins revealed by the ECL system (Amersham Corp., Arlington Heights, IL). For immunoprecipitation studies, cell lysates containing 500 g of protein were incubated with specific antibodies and precipitated with protein A-agarose beads. The immunoprecipitants were subjected to SDS-polyacrylamide gel electrophoresis and proteins detected with specific antibodies.
Mitogenic and anchorage independent growth assays. HCC cells transfected with the various IRS-1 constructs were plated at a concentration of 1 ϫ 10 5 cells in 24-well plates and 24 h later the medium was replaced with DME containing 0.25% FBS. Cells were incubated with or without 100 nM insulin or 100 ng/ml IGF-1 additions for 18 h followed by pulse labeling with 1 mCi/ml [ 3 H]thymidine in DME for 3 h. The labeled cells were washed, solubilized in 1 ml of PBS and 0.1% SDS and TCA was added to a final concentration of 10%. The TCA insoluble pellet was solubilized in 1 N NaOH, neutralized with HCl and the amount of [ 3 H]thymidine incorporated into DNA determined by liquid scintillation counting.
The ability of transfected cells to exhibit anchorage-independent growth was determined by plating 1 ϫ 10 3 cells in DME containing 10% FBS and 0.4% soft agar (FMC Bioproducts, Rockland, ME) and overlaid on a bottom agar containing medium consisting of DME, 10% FBS and 0.53% agar. Anchorage-independent growth of the parental and cloned stable transfectant cell lines was assessed by counting the numbers of colonies formed in soft agar 2 wk after seeding.
Tumor formation in nude mice. To investigate tumorigenicity in nude mice, 1 ϫ 10 7 parental (mock plasmid transfected DNA) and ⌬ C-hIRS-1 FOCUS HCC cell clones c1 and c2 in 0.1 ml PBS were injected subcutaneously into the back of nude mice as previously described (25) . Nude mice were observed for tumor formation over a 4-wk period. If no tumor formation was apparent at 28 d, mice were observed for another 3 mo.
MAPK and PI3K assays. Insulin or IGF-1-induced MAPK and PI3K activation was measured using cell lysates derived from transfected cells that had been prior incubated with or without 100 nM insulin or 100 ng/ml IGF-1 for 10 min after a 24-h period of serum starvation. MAPK enzymatic activity was measured according to a previously described method (13) . In brief, cell lysates with or without IGF-1 stimulation were electrophoresed through SDS-polyacrylamide gels containing 0.5 mg/ml MBP. The SDS was removed from the gels by washing with 20% 2-propanol in 50 mM Tris-HCl (pH 8. PI3 kinase assay. An assay for PI3K activity was performed as previously described (28) . Briefly, 500 g of cell lysate was immunoprecipitated with polyclonal antibodies against the p85 subunit of PI3K followed by incubation with protein A-Sepharose beads. The immunoprecipitates were washed twice with cell lysis buffer, once with 1% NP-40-PBS, once with 100 mM Tris-HCl (pH 7.4) containing 0.5 M LiCl, and twice with 10 mM Tris-HCl containing 100 mM NaCl. Samples were preincubated with a phosphoinosital (PI) solution (1 mg of sonicated PI, 50 mM Hepes, 1 mM EGTA, 1 mM sodium phosphate) and then reacted with 1 Ci of [ ␥ -32 P] ATP, 50 mM ATP and 10 mM MgCl 2 for 10 min. After termination of the reaction with HCl and CHCl 3 /methanol mixture, lipid phosphorylation was analyzed by thin-layer chromatography on silica gel plates coated with 1% potassium oxalate followed by autoradiography.
Results
The NH 2 terminus of hIRS-1 is required for its tyrosyl phosphorylation in HCC cells. To determine the essential region of hIRS-1 required for TP in FOCUS HCC cells, NH 2 -terminal (hIRS-1 ⌬ 3-516: ⌬ N-hIRS-1) and COOH-terminal truncated mutants of hIRS-1 containing a FLAG epitope (hIRS-1 ⌬ 517-1243: ⌬ C-hIRS-1) were constructed ( Fig. 1 ) and transiently transfected into FOCUS cells. Both mutants proteins have numerous potential TP sites in their remaining sequences (9, 18) . Fig. 2 A demonstrates that following transfection of hIRS-1 ⌬ 3-516 and hIRS-1 ⌬ 517-1243 constructs, the mutant proteins were expressed with the predicted molecular size as determined by a COOH-terminal specific antibody ( left ) and anti-FLAG antibody ( right ). However, insulin stimulation will only TP the hIRS-1 ⌬ 517-1243 and not the hIRS-1 ⌬ 3-516 protein (Fig. 2 B ) in constructs made both with and without the FLAG epitope by direct Western blot analysis. Tyrosyl phosphorylation of the 180-190-kD endogenous hIRS-1 protein and the 95 kD ␤ subunit of the insulin receptor was also apparent in the transfected FOCUS HCC cells after insulin stimulation. In addition, TP of hIRS-1 ⌬ 517-1243 was also apparent in another transiently transfected HepG2 HCC cell line (Fig. 2 C ) . These results demonstrate that the NH 2 terminus (1-516) was required for insulin stimulated TP of IRS-1 in both HCC cell lines.
Tyrosyl phosphorylation of ⌬ C-hIRS-1 requires the first PTB domain. The NH 2 terminus of hIRS-1 is composed of three functional domains; a pleckstrin homology (PH) and two regions homologous for PTB. To address the role of these regions of the hIRS-1 molecule in the tyrosyl phosphorylation of ⌬ C-hIRS-1, constructs containing sequential truncations of these domains were prepared as shown in Fig. 1 . FOCUS cells were stable transfected with each mutant construct several times and two to four clones were established under neomycin selection conditions. Each mutant protein has potential TP sites in the remaining sequences (9, 18) . Starting from the parent ⌬ C-hIRS-1 molecule, Fig. 3 A (lane 3 ) illustrates that, as expected, progressive truncation of these regions (lanes 4 -9 ) reduced the size of the expressed protein. As demonstrated by , and ⌬C-hIRS-1⌬4-296 (lane 9) mutant proteins were not tyrosyl phosphorylated to any appreciable extent. The mean transfection efficiencies of the various plasmid constructs were essentially equal and produced G418 resistant colonies in the range of 53.7-55.3 colonies per microgram of DNA in three independent experiments. There was no change in the level of expression of the insulin receptor or endogenous hIRS-1 protein in all stable transfected and cloned cell lines (data not shown). These studies demonstrate that the most proximal PTB domain was required for TP of ⌬C-hIRS-1 in FOCUS HCC cells.
⌬C-hIRS-1 inhibits insulin/IGF-1-induced tyrosyl phosphorylation of endogenous hIRS-1. After insulin stimulation, the 180-190 kD endogenous hIRS-1 protein is TP in mock-plasmid DNA transfected FOCUS HCC cells (Fig. 2 B, lanes 1 and 2 and Fig. 3 B, lanes 1 and 2) . In FOCUS HCC cells stable transfected with ⌬C-hIRS-1, however, the TP of endogenous hIRS-1 was substantially decreased whereas the expressed ⌬C-hIRS-1 mutant protein becomes highly tyrosyl phosphorylated (Fig. 3 B,  lane 3) . It has been previously established that endogenous IRS-1 becomes rapidly dephosphorylated upon insulin deprivation in vitro (29) . Similarly, endogenous hIRS-1 was rapidly dephosphorylated with 2 h in insulin-derived mock plasmid DAN tranfected FOCUS cells as shown in Fig. 4 A (bottom) . However, the tyrosyl phosphorylated ⌬C-hIRS-1 protein was not dephosphorylated as rapidly as endogenous hIRS-1 and high levels of phosphorylation were observed after 8 h of insulin deprivation (Fig. 4 A, top) , a phenomenon that may be due, in part, to the fact that the exogenous mutant protein is highly overexpressed relative to the endogenous IRS-1 molecule. In addition, the ⌬C-hIRS-1 protein coimmunoprecipitated with the ␤ subunit of the insulin receptor (Fig. 4 B) , suggesting that the mutant molecule will bind to and occupy the insulin receptor. Other tyrosyl phosphorylated mutant proteins were found not to coimmunoprecipate with the ␤ subunit of the insulin receptor (data not shown). This dominant negative effect on TP of endogenous hIRS-1 was not observed with stable cloned cell lines illustrated in Fig. 3 B, lanes 4-9 expressing other hIRS-1 mutant proteins. Finally, two to four clones derived from each stable expressing mutant hIRS-1 construct were studied and the same results were obtained.
Another protein such as Shc also functions as an intracellular substrate for EGF, insulin, and IGF-1 cell surface receptors (30-32). Insulin and IGF-1 additions will stimulate TP of Shc protein in mock-plasmid DNA transfected FOCUS cells (Fig. 5) . In contrast, stable ⌬C-hIRS-1 transfected FOCUS cell clones (c1 and c2) demonstrate a striking suppression of insulin/IGF-1 induced TP of Shc (Fig. 5 A) . However, expression of ⌬C-hIRS-1 protein did not affect TP of Shc induced by EGF stimulation (Fig. 5 A) . Thus, ⌬C-hIRS-1 protein overexpression in HCC cells will inhibit insulin and/or IGF-1-induced TP of endogenous cellular substrates other than hIRS-1. Similar findings were observed with a c3 ⌬-hIRS-1 clone (data not shown). , and dephosphorylation of ⌬C-hIRS-1 mutant protein compared with endogenous hIRS-1 in a clone derived from stable mock plasmid DNA transfected FOCUS cells. In these experiments, cells were stimulated with insulin containing (100 nM), medium for 5 min followed by replacement with DME. (B) Interaction of the insulin receptor with ⌬C-hIRS-1 protein in two stable clones (1 and c2). Cell lysates derived from each clone were stimulated with (ϩ) or without (Ϫ) insulin and immunoprecipitated using an anti-insulin receptor antibody followed by immunoblotting with an anti-FLAG antibody (␣IR/␣FLAG) to detect the ⌬C-hIRS-1 mutant protein in the immunoprecipitate.
Tyrosyl phosphorylation of endogenous hIRS-1 induced by insulin and IGF-1 leads to the activation of downstream molecules involved in the signal transduction cascade such as MAPK (Fig. 5 B) . In this regard, subsequent MAPK (Fig. 5 C) , and PI3K activation (Fig. 5 D) induced by insulin stimulation were found to be substantially reduced to levels found in noninsulin-stimulated cells in ⌬C-hIRS-1 stable transfected FO-CUS cell clones.
[ (Fig. 5 E) . Stable cloned FOCUS cell lines transfected with the other mutant constructs had substantially less and more variable inhibition of [ 3 H]thymidine incorporation into DNA. Finally, detailed growth curves were performed on the cell lines presented in Fig. 5 E. We found that only the ⌬C-hIRS-1 stable-transfected cloned c1 and c2 grew at a substantially slower rate than cell lines stably transfected with the other truncated hIRS-1 mutant constructs which grew at a rate similar to mock DNA transfected FOCUS cells (data not shown). Expression of the ⌬C-hIRS-1 protein changes the characteristics of the malignant phenotype. The FOCUS cell line was initially isolated and cloned from a poorly differentiated hepatitis B virus-positive HCC tumor and such cells exhibit the characteristics of the malignant phenotype (25) including anchorage-independent cell growth (33) . As shown in Table I , mock plasmid DNA transfected FOCUS cells will form colonies in soft agar. However, individual clones derived from ⌬C-hIRS-1 transfected FOCUS cells demonstrate very low efficiency of colony formation in soft agar and indicate the loss of anchorage-independent cell growth. All cloned cell lines transfected with other mutant hIRS-1 constructs retain the ability of anchorage independent growth to various degrees.
Mock plasmid DNA-transfected FOCUS cells are poorly differentiated and exhibit a flattened large irregular shape, multiple mitotic figures, and pleomorphic nuclei with prominent nucleoli (Fig. 6 A) . FOCUS cells grow rapidly without contact inhibition and form multi-layered structures upon reaching confluence (Fig. 6 D) . Stable transfection of ⌬C-hIRS-1 substantially alters the morphologic appearance of FOCUS cells. Cloned cell lines (c1 and c2) exhibit a differentiated pattern of growth including sinusoid formation and have an appearance reminiscent of primary hepatocytes in culture (Fig. 6 , B and C) (34) . In addition, the ⌬C-hIRS-1-transfected 7.6Ϯ1.3 ⌬C-hIRS-1⌬9-117⌬320-457 c1 5.1Ϯ0.5 ⌬C-hIRS-1⌬9-117⌬320-457 c2 4.2Ϯ0.4 ⌬C-hIRS-1⌬4-296 c1 6.6Ϯ0.9 ⌬C-hIRS-1⌬4-296 c2 7.1Ϯ0.8
Values for growth in soft agar represent averages and standard deviation of colony formation normalized to total cell number in each well. These data were obtained from duplicate experiments. 
, E and F).
A similar alteration of phenotype was also observed in HuH-7 cells transfected stably with ⌬C-hIRS-1 (Fig. 7) . HuH-7 cells may be grown under serum-free conditions and were derived from a human tumor not related to chronic hepatitis B virus infection (26) . Fig. 7 A demonstrates expression (left) and tyrosyl phosphorylation (right) of ⌬C-hIRS-1 protein in two clones of stable transfected HuH-7 cells (h1 and h2) after stimulation by IGF-1 (100 ng/ml). Expression of ⌬C-hIRS-1 inhibits IGF-1 induced tyrosyl phosphorylation of endogenous hIRS-1 (Fig. 7 A, lanes 3 and 4, left) . Mock plasmid DNA transfected HuH-7 cells have a pleomorphic and fibroblastoid appearance in both serum free or medium containing 10% FBS (Fig. 7, B and C) . The ⌬C-hIRS-1 transfected HuH-7 clones (h1 and h2), however, demonstrate a differentiated polygonal cellular morphology and form flat sheets of cells exhibiting the phenomenon of contact inhibition. Such ⌬C-hIRS-1-expressing cells also develop a sinusoidal pattern of growth reminiscent of adult hepatocytes in culture (Fig. 7, D and E) .
Finally, the ability of parental FOCUS and two ⌬C-hIRS-1 stable-transfected cloned cell lines (c1 and c2) to form solid tumors in nude mice was assessed (25) . After the subcutaneous injection of 1 ϫ 10 7 mock plasmid transfected FOCUS cells into nude mice, there was rapid tumor formation at the injection site and tumors reached a mean size of 2.5 cm within 28 d in 9 of 10 injected nude mice. In contrast, none of the mice injected with the c1 and c2 ⌬C-hIRS-1 clones developed tumors (Table II) even after three additional months of observation.
Discussion
The hIRS-1 protein serves as the main intracellular substrate for receptor tyrosine kinase activity of the insulin/IGF-1 receptors and sends downstream signals by interaction with various SH2-containing molecules at specific motifs located in the COOH-terminal region of the molecule (9). Our study demonstrates that the NH 2 -terminal region of hIRS-1 mutant protein was essential for TP induced by insulin and IGF-1 signals in (19, 38) . The overexpressed ⌬C-hIRS-1 mutant protein will bind to the insulin receptor (Fig. 4 B) and substantially inhibit TP of endogenous intracellular substrates in HCC cells (Fig. 3 B, lane 3 and Fig. 5  A) . It will be important to clarify the stoichiometry of this interaction in future studies. This potent dominant negative effect inhibits insulin/IGF-1 signals principally because the mutant protein binds with high avidity to these receptors, subsequently becomes highly tyrosyl phosphorylated and inhibits TP of endogenous substrates in HCC cells. The insulin/ IGF-1 signals transmitted to downstream molecules are blocked since there will be no interaction of the ⌬C-hIRS-1 mutant protein with known SH2-containing molecules such as Syp tyrosine phosphatase, Grb2 adapter protein, and p85 subunit of PI3K since their binding motifs have been deleted from the COOH-terminal region of the molecule.
The mechanisms of this dominant negative effect were further studied with respect to the functional domains of the ⌬C-hIRS-1 molecule. The dominant negative properties of ⌬C-hIRS-1 were found to be abolished by deletion of either the PH or both PTB domains (Figs. 3 and 5) . Recently, Myers et al. revealed that the PH domain enhanced the binding of IRS-1 to the insulin receptor (39) . Furthermore, the PH domain is involved in the IRS-1 interaction with Janus tyrosine kinase Tyk-2 (10). Although other functions of PH domain remain to be clarified, the demonstration of an interaction with the G protein (␣␤ subunits) (40) and phospholipids (41) suggests that this region may play an additional role of linking IRS-1 with other signal transduction pathways. In the present investigation, the more proximal PTB domain was shown to be an essential region with respect to producing a dominant negative effect since deletion of this domain allowed TP of endogenous substrates necessary to transmit the insulin and IGF-1 signals within the cell.
Our studies demonstrate that expression of ⌬C-hIRS-1 protein will reverse the malignant phenotype of HCC cells (Tables I and II) , principally because of dominant negative effects exerted on insulin/IGF-I (and perhaps others) mediated signal transduction pathways. Indeed, as shown in Figs. 6 and 7, the morphologic appearance of both ⌬C-hIRS-1-transfected HCC cell lines is quite similar to differentiated adult hepatocytes grown in primary culture (34) . It is also of interest that IRS-1 plays a potential role in various other cytokine signaling pathways that may be involved in cell proliferation such as interleukins, integrins, and growth hormone in addition to insulin and IGF-1 (7, 11, 42) . The morphologic changes induced by ⌬C-hIRS-1 overexpression cannot be reproduced in human HCC cells by either ligand (insulin and IGF-1) deprivation or matrix supplementation (43) . The function of ⌬C-hIRS-1 with respect to reversing the transformed phenotype may involve inhibition of multiple intracellular signaling pathways, some of which contribute either to the initiation or maintenance of the transformed phenotype. Further analysis of other intracellular molecule(s) associated with ⌬C-hIRS-1 should provide clues regarding the molecular mechanism(s) of hepatocarcinogenesis.
It has been well recognized that growth factors and their receptors are important in the development of human malignancy (44) . Tyrosine phosphorylation of intracellular substrates induced by growth factor receptor tyrosine kinases is one the key intracellular mechanisms to initiate signal transduction related to growth by promoting the binding of molecules such as IRS-I to Src-homology-2 (SH2) or PTB domains of other signaling molecules (36) . Binding to phosphotyrosine sites by SH2-containing proteins may affect the function of these molecules through direct stimulation of enzymatic activity (45) , relocation within the cytoplasm (46) , and enhanced TP of other growth-related proteins (47). In this regard, persistent activation of the MAPK cascade by gain of function mutations has been found sufficient to transform mammalian cells (48, 49) . We have also found that overexpression of hIRS-1-induced cellular transformation and liver associated with constitutive activation of the MAPK cascade (22, 23) .
Human HCC is one of the most ubiquitous tumors (approximately one million cases per year) in the world today and has a five year survival rate of Ͻ 5% (1). The ⌬C-hIRS-1 mutant protein has been shown here to inhibit tumor cell growth and reverse the malignant characteristics of human HCC cells to a more differentiated phenotype. One salient issue to be resolved with additional investigations is whether the present work is revealing a transformation mechanism that is unique to HCC cells, or whether this transformation mechanism is common to a variety of tumor cell types.
